ABSTRACT
Introduction
Skin barrier properties depend on several cellular and intercellular parameters. Epidermal cells are continuously renewed. Keratinocytes of the stratum granulosum become progressively cornified cells densely packed with keratin fibers. Epidermal desquamation is the final step in the differentiation program of the keratinocytes. The protein-rich nonviable corneocytes and the intercellular lipid domains protect the skin against chemical hazards. Irritant dermatitis can be induced by various agents. Chemicals such as detergents and/or organic solvents potentially perturb the stratum corneum in daily life. Sodium lauryl sulfate (Sodium dodecyl sulfate) is an anionic surfactant used in many cleaning and hygiene products. It has been shown to irritate the skin. Among others, its irritation potential is related to the surfactant concentration [1] .
The aim of this study was to describe the structural changes resulting from topical application of a handcream onto normal skin and to draw the repair-mechanisms induced by the emollient on altered tissue. Topical applications have the advantage of targeting directly the area of interest that is the stratum corneum. Its structure contributes to the barrier function of the epidermis. Recent advances have been made in understanding stratum corneum lipid biophysics [2, 3] . Special attention was paid to the organization of the intercellular lipids [4] . Although the intercellular lipids are increasingly studied with respect to their role in barrier function, little is actually known about the structural effect of the application of an emollient emulsion. Improving barrier function can be achieved by supplying lipid components to the stratum corneum. Cholesterol ceramides and fatty acids permeate into the nucleated cell layers of the skin and provide a delayed repair effect [5] . Mixtures of ceramides, cholesterol and fatty acids allow the barrier function to repair [6] . Couturier and Yvergnaux (2009) showed that the supply of missing ceramides by topical administration results in relipidization of the stratum corneum and leads to the regeneration of physiological processes [7] . On this matter, Fartasch (1997) pointed out that the lipid-rich intercellular structures of the stratum corneum might influence the desquamation process [8] . Lodén and Wessman (2001) studied the influence on skin barrier properties of a cream containing glycerine [9] . There results indicate an increased hydration of treated normal skin. According to Levi et al. (2009) , the moisturizing glycerin reduces the drying stress in human stratum corneum [10] .
Here we investigated the structural parameters of the stratum corneum in order to offer an insight into the repair processes going on in that skin-layer after emollient usage. The study was carried out by using ex vivo human skin explants, maintained in survival. The architecture of the stratum corneum in relation to skin damage by sodium lauryl sulfate (SLS) exposure and following repair possibilities by emollient applications were investigated by transmission electron microscopy (TEM).
Materials and Methods

Ex Vivo Skin Culture
Human skin specimens were obtained from abdomen reduction surgery of a 26-year-old Caucasian woman. Skin biopsies of 10 mm in diameter were taken from the specimens using biopsy punches. Skin explants from an abdominal plasty were placed in survival in classical cell culture conditions on stainless steel grids at the air-liquid interface, epidermal-side up. The grids were then placed in 6-well culture plates (Falcon) containing BEM medium (3.5 ml) (BioEC, Lonjumeaux, France) and cultured at 37˚C in 5% CO 2 humidified air.
Tissue Processing
Standardized damage to the stratum corneum was caused with sodium lauryl sulfate (SLS) on skin explants. Explants were exposed for 24 h to the irritant using a 11 mm nonocclusive filter paper (patch) that was saturated with 0.1% aqueous solution of SLS (50 µl). After 24 h, patches were removed and each skin sample was gently rinsed with water and dried. An emollient emulsion was then applied (2 mg/cm 2 ) daily, for 4 days, to some SLS exposed samples. Skin was treated topically with the emollient hand-cream "Crème jeunesse des mains" from Clarins, an oil-in-water emulsion containing 19% of fatty phase; in particular 5% fatty alcohols, 3% fatty alcohol esters and unsaponifiable fractions of shea butter and ceramides. One batch of explants was treated with the emollient cream without previous SLS application. As control, skin was topically treated with filter papers soaked in deionized water.
Sample Process for TEM
Punch biopsies were taken from the centers of the 3 types of specimens i.e. non-treated skin, tissue that underwent topical application of the hand-cream emulsion, SLS exposed skin and skin treated with the hand-cream after SLS exposure. Briefly, samples were fixed in a 2% glutaraldehyde solution buffered at pH 7.4 with sodium cacodylate for electron microscopy (TEM), dehydrated in a series of increasing alcohol concentrations, post-fixed in OsO 4 and finally embedded in epoxy resin. Ultra-thin sections were collected on carbon-coated formvar-covered cupper 100 mesh grids and stained with uranyl acetate and lead citrate. Transmission electron microscopy (TEM) was performed with a Philips EM 208 instrument (FEI Company, Eindhoven, The Netherlands) operating with an accelerating voltage of 70 kV.
Image Analysis
Digitalized micrographs were measured by an investigator who was blinded to the source of the samples. Measurements were performed by using a slide rule (Dafra type 941, Siemens, Germany) with a resolution of 10 µm. The stratum corneum was analyzed from micrographs taken at a magnification of 2000; whereas measurements of the corneocytes come from micrographs taken at a magnification of 8000.
Statistical Analysis
Data analysis was performed using Student t-test by means of the computer software SigmaPlot 11.0 (Systat Software Inc., San Jose, CAL, USA).
Results
Four types of specimens were considered and compared in the present study. 1) ex-vivo cultured human skin from abdomen reduction surgery; 2) skin from the same plasty treated by topical application of a hand-cream emulsion; 3) cultured explants exposed to a 0.1% aqueous solution of sodium lauryl sulfate (SLS); 4) SLS treated skin explants that underwent subsequent topical application of the evaluated skin-care product. The architectures of the respective horny layers were assessed by transmission electron microscopy. Tissular and cellular thicknesses of the stratum corneum were measured and compared.
The bar graph of Figure 1 depicts the mean thickness of the stratum corneum vs skin treatment. It shows that the topical application of the emollient cream results in a thickening of the stratum corneum, both when applied directly or after SLS treatment on the skin explants. Figure 1 also indicates that the SLS exposure induces a thinning of the horny layer. The statistical differences between the various treatments (emollient application, SLS exposure and emollient application after SLS exposure) are highly significant (p  0.001). The architecture of the stratum corneum from non-treated skin is described (Figure  2(c) ). It appears that the electron-lucent aspect of this outermost layer comes from the weak stain of the scattered intracellular keratin matrix. If one considers the thickness of this electron-lucent horny layer (Figure 3) , it seems evident that the SLS solution acts mainly at this level. Measurements show that the weakly-bound electron-lucent cornified cells almost disappear after SLS treatment. The bar graph of Figure 3 points out that the topical application of the emollient emulsion also acts at this level by thickening the outermost layer of corneocytes, both when applied directly or after SLS exposure on the skin explants. The statistical differences between the various treatments (emollient application, SLS exposure and emollient application after SLS exposure) are highly significant (p  0.001). SLS damage induces drastic desquamation (Figure 4(a) ). Almost all corneocytes from the outermost electron-lucent layer are shed from the skin surface. It results in turn in reduced thickness of According to Figure 5 (a) the architecture of the Stratum corneum appears unchanged after topical application of the hand-cream. Nevertheless, Figure 1 emphasizes that the mean thickness of the stratum corneum increases from 9.76 ± 0.27 µm for untreated skin to 13.28 ± 0.38 µm after application of the skin-care product. Moreover, Figure 3 suggests that the applied emulsion acts at the level of the outermost electron-lucent layer. Actually, Bar graph of Figure 3 proves that the mean thickness of that electron-lucent layer increases from 5.36 ± 0.30 µm for untreated skin to 8.34 ± 0.27 µm after application of the hand-cream emulsion. On Figure 5(b) , one can note a layer of electron-lucent corneocytes covering underlying electron-dense cornified cells when the skin-care emulsion is applied after SLS exposure of the skin. Figure 1 points out that the mean thickness of the horny layer increases from 8.01 ± 0.39 µm for SLS treated skin (Figure 4(a) ) to 13.55 ± 0.81 µm after topical application of the emollient (Figure 5(b) ). That thickening process of the stratum corneum is particularly evident for the outermost electron-lucent layer (Figures 4(a), 5(b)). Figure 3 shows that the mean thickness of the electron-lucent layer increases from 0.62 ± 0.19 µm for SLS-exposed skin to 5.88 ± 0.62 µm after application of the skin-care emulsion. The thickening mechanism of the stratum corneum, induced by the topical application of the studied hand-cream, works with or without SLS irritation of the skin (Figure 1 ). It appears to result from a swelling phenomenon of the horny cells from both the outermost electron-lucent corneocytes and the innermost electron-dense cornified cells (Figures 6(a), 6(b) ). The electro-lucent corneocyte thickness increases, after emollient application, from 0.69 ± 0.04 µm to 0.88 ± 0.05 µm without SLS treatment and from 0.49 ± 0.04 µm to 1.19 ± 0.08 µm following SLS exposure (Figure 6(a) ). Within the innermost electron-dense layer, the corneocyte thickness increases too, after hand-cream application, from 0.48 ± 0.04 µm to 0.64 ± 0.04 µm without SLS treatment and from 0.51 ± 0.03 µm to 0.99 ± 0.05 µm following SLS exposure (Figure 6(b) ). For both cell-layers (electron-lucent and electron-dense) the statistical differences are highly significant (p  0.001) between the SLS exposed corneocytes and the subsequent emollient-treated cells. Statistical differences are also significant (p  0.05 and p  0.01, respectively for the electron-lucent corneocytes and the electron-dense corneocytes) when the emollient-treated explants are compared to the control skin. Figures 3 and 6(a) emphasize the deleterious effect of the irritant solution on the outermost cells. Statistical differences with the control skin are highly significant (p  0.01). Moreover, it is noteworthy to stress that the restructuring effect of the stratum corneum, by topical application of the emollient emulsion, has the greatest impact on the outermost cell-layer of the epidermis (Figures 3, 6(a) ). 
Discussion
Despite of recognized benefits on skin, we are still far from completely understanding the structural changes resulting from emollient applications. The goal of this study was to demonstrate that the effects of a hand-cream go beyond the cosmetic feel and appearance. With this in mind, we assessed, by TEM, the restructuring effects, at the cellular level, of the emollient emulsion after topical applications on normal and SLS-spoiled skin. The barrier function of the skin is obviously linked to the morphological architecture of the stratum corneum. In turn, a spoiled stratum corneum parallels a decline in barrier function. Here we investigated the mechanisms of SLS action on the stratum corneum integrity as well as the ex vivo skin restructuring potential of the employed emulsion.
The bar graph of Figure 1 clearly indicates that the SLS exposure as well as the topical application of the hand-cream emulsion induced thickness changes of the stratum corneum. On one hand, Figure 1 indicates a thinning of the stratum corneum after SLS treatment; on the other hand the bar graph strongly suggests a thickening of the cornified layer when the emollient is applied on normal and SLS treated skin. White et al. (1987) likewise measured that the stratum corneum was thinned after washing the skin with soap [11] . SLS is an anionic surfactant known for long to have detrimental effects on all stratum corneum components [12] . It is a commonly used test substance for induction of skin barrier damage. Washes with concentrated solutions of SLS destroy the cutaneous barrier comprising the inter-corneocyte lipids [13] . The intercellular lipid lamellae can be seen when samples are post-fixed with ruthenium tetroxide (RuO 4 ) [14, 15] . Several studies already addressed and documented the issue of extracellular space [3, 16, 17] . But here, we mainly focused the cellular architecture changes of the stratum corneum with respect to the different experimental conditions, i.e. normal skin, emollient-treated skin, SLS-exposed skin and SLS-exposed skin treated with the emollient emulsion.
Alteration of intracellular keratin matrix, cornified cell envelope and intercellular lipids may open both transcellular and intercellular routes across the stratum corneum [18] . Excessive exposure to surfactants damages the stratum corneum and can even lead to irritant reactions such as hand dermatitis [19] .
As there is limited knowledge about the morphological effects induced by emollients, after topical application, we investigated in detail the features of the corneocytes of skin explants for different treatments. Thus we compared SLS-exposed skin and emollient treated tissue with non-treated explants, but we also followed the changes of SLS-exposed stratum corneum when treated with the hand-cream. First of all we noticed two different domains within the stratum corneum of the non-treated skin tissue. TEM observations clearly show an electron-lucent layer of corneocytes covering more electron-dense cornified cells (Figure 2(a) ). Obviously the electron-dense appearance of the innermost layer of the stratum corneum comes from the densely packed intracellular material of these cornified cells (Figures 2(a)-(c) ). Apart the differences in electron-density of the corneocytes from these two domains, one can also note that so to say no more corneodesmosomes are present within the outermost electron-lucent layer of corneocytes, whereas corneodesmosomes are still observable between the cells of the underlying electron-dense layer (Figures 2(b), 2(c) ). Quantitative analyses of the thicknesses of the outermost electron-lucent layers of the respective experiments (Figure 3) confirm the aforementioned results regarding SLS exposure and emollient treatment of the skin. The exposure of the skin explants to a 0.1% aqueous solution of SLS surfactant for 24 h severely reduces the thickness of the superficial layer of electron-lucent corneocytes. Desquamation of the stratum corneum has been associated with the progressive degradation of corneodesmosomes toward the surface [17] . Now, SLS-induced skin barrier defects induce altered mRNA expression of enzymes (kallikreins) involved in the desquamation process [20] . Kallikrein-7 and Kallikrein-5 have been shown to cleave corneodesmosal proteins [21] . The enzymatic degradation of corneodesmosomes weakens the intercellular cohesion of the stratum corneum and desquamation is likely to occur [17] . Our observations showing a pronounced release of corneocytes from the surface after SLS treatment (Figure 4(a) ) are consistent with these previous research reports. The spicules of the desquamated corneocytes (Figure 4(a) ) might also illustrate the alteration potential of the SLS solution at the cellular level.
On one hand surfactants, as SLS, are known to increase the fluidity of the skin barrier lipids [6] , on the other hand oils (mineral, vegetable and/or animal) have been used since ancient times for the protection of the skin. Oil applications moisturize the skin by reinforcing the intercellular lipids of the stratum corneum and, in turn, providing a better barrier function. For instance, in vivo confocal Raman microspectroscopy evaluations have shown that paraffin oil (mineral oil) and vegetable oils can penetrate the top layers of the stratum corneum [22] . The latter measured from the water content profiles the thickness of the stratum corneum after topical applications of different oils. They measured an increase of the stratum corneum thickness of about 10%. The present findings are consistent with these statements. Indeed, our results emphasize that the application of the emollient, containing 19% of fatty phase, thickens the stratum corneum, when applied on normal or SLS-treated skin explants (Figure 1 ). This effect is particularly evident at the level of the outermost layer of electron-lucent corneocytes (Figure 3) . Although the architecture of the stratum corneum appears unchanged after topical use of the emollient (Figure 5(a) ), it seems that the application of the emulsion, after SLS-exposure of the tissue, favours the cohesion of the superficial corneocytes, that in turn conducts to a thickening of that outermost cell layer (Figure 5(b) ). On this matter, Lintner et al. (1997) showed that a synthetic ceramide was able to contribute to the restructuring of the stratum corneum of skin damaged by stripping or SLS washes [13] .
To go further into the understanding of the restructureing mechanisms, we paid special attention to the cellular architecture of the stratum corneum for the different epidermal treatments. By measuring the thicknesses of the corneocytes from both layers (electron-lucent and electron-dense), we noticed that SLS exposure conducts to a significant thinning of the corneocytes essentially from the outermost electron-lucent layer of the stratum corneum. (Figures 6(a), 6(b) ). The bristly aspect of the desquamated cells might result from this shrinkage process (Figure 4(b) ). According to a previous report [23] , after SLS exposure, the binding of surfactant molecules to stratum corneum proteins reduces the ability of the cornified tissue to bind and hold water. Interestingly, the use of the emollient leads to a thickening of the corneocytes of both the electron-lucent and the electron-dense layers of the stratum corneum (Figures 6(a), 6(b) ). This swelling effect is particularly evident after SLS exposure (Figures 6(a), 6(b) ). Moreover, it is worth mentioning that the action of the emollient concerns the whole stratum corneum (Figures 6(a), 6(b) ).
In conclusion, this experimental model of ex vivo human skin allowed identifying the structural changes occurring in the stratum corneum of skin explants exposed to SLS and/or treated with the hand-cream. The present study completes the knowledge regarding the structural mechanisms underlying stratum corneum repair after chemically induced damage. Clearly, our results strongly suggest that both, SLS-induced damage and emollientdriven repair process take place at the cellular level of the stratum corneum. One can envisage that the structural changes observed after topical application of the handcream are likely to ameliorate or restore the barrier function of the stratum corneum. Furthermore the information regarding the restructuring effect of the emollient cream seems to indicate a potential way to promote barrier repair.
